c Primary amebic meningoencephalitis (PAM) is a rapidly fatal infection caused by the free-living ameba Naegleria fowleri. The drug of choice in treating PAM is the antifungal antibiotic amphotericin B, but its use is associated with severe adverse effects. Moreover, few patients treated with amphotericin B have survived PAM. Therefore, fast-acting and efficient drugs are urgently needed for the treatment of PAM. To facilitate drug screening for this pathogen, an automated, high-throughput screening methodology was developed and validated for the closely related species Naegleria gruberi. Five kinase inhibitors and an NFkappaB inhibitor were hits identified in primary screens of three compound libraries. Most importantly for a preclinical drug discovery pipeline, we identified corifungin, a water-soluble polyene macrolide with a higher activity against Naegleria than that of amphotericin B. Transmission electron microscopy of N. fowleri trophozoites incubated with different concentrations of corifungin showed disruption of cytoplasmic and plasma membranes and alterations in mitochondria, followed by complete lysis of amebae. In vivo efficacy of corifungin in a mouse model of PAM was confirmed by an absence of detectable amebae in the brain and 100% survival of mice for 17 days postinfection for a single daily intraperitoneal dose of 9 mg/kg of body weight given for 10 days. The same dose of amphotericin B did not reduce ameba growth, and mouse survival was compromised. Based on these results, the U.S. FDA has approved orphan drug status for corifungin for the treatment of PAM.
P
rimary amebic meningoencephalitis (PAM) is caused by the free-living ameba Naegleria fowleri and occurs most commonly in healthy children and young adults with recent recreational freshwater exposure. PAM due to N. fowleri has a worldwide distribution and occurs most frequently in tropical areas and during hot summer months; it is a rare disease in the United States (38) . Infection results from water containing N. fowleri entering the nasal cavity, followed by migration of amebae to the brain via the olfactory nerve. Within the brain, N. fowleri causes extensive inflammation, hemorrhage, and necrosis, leading to death in 3 to 7 days (7, 18) .
Optimum treatment for PAM has not been well defined. Amphotericin B remains a cornerstone of therapy for PAM, but this requires a high dosage, and its use is frequently associated with renal toxicity, manifested as azotemia and hypokalemia (34) . Amphotericin B may also cause anemia, and many patients experience chills, fever, nausea, vomiting, and headache (23, 25) . Moreover, only 10 persons with PAM have been treated successfully with amphotericin B, alone or in combination with other drugs (1, 2, 6, 17, 20, 21, 24, (28) (29) (30) (31) (33) (34) (35) . Therefore, fast-acting and efficient drugs are urgently needed for the treatment of PAM.
In this study, we developed, optimized, and employed a highthroughput screening (HTS) methodology to screen large diverse compound libraries for compounds with cytotoxicity to Naegleria. This assay measures ATP bioluminescence generated when luciferase catalyzes the transformation of luciferin into oxyluciferin, yielding PP i , AMP, and light in the presence of cellular ATP and oxygen (10) . This assay is easily adapted to automated HTS procedures and represents a rapid, sensitive, and efficient assay to identify active compounds. In this study, the whole-organism screening was formatted to 96-and 384-well microtiter plates, thus providing increased throughput and improved interfacing with similarly formatted small-molecule libraries maintained inhouse at the UCSF Small Molecule Discovery Center (SMDC; http://smdc.ucsf.edu/). The screening protocol is intended to streamline and accelerate the identification of hit compounds and scaffolds in vitro.
The screens were performed using libraries of commercially available compounds and a recently isolated compound, corifungin. Because of its efficacy in vitro, we then tested corifungin in a mouse model of PAM due to N. fowleri.
only 910 compounds were soluble at 20 mM in undiluted DMSO, and these 910 compounds were used for screening. Kinase-targeted compound collections comprising 14,757 compounds were purchased from Asinex (Winston-Salem, NC) (1,639 compounds) and ChemDiv, Inc. (San Diego, CA) (13,118 compounds). The libraries were maintained as 1 mM and 5 mM stocks in 384-well plates at Ϫ40°C at the UCSF SMDC, which is juxtaposed to the UCSF Sandler Center. Corifungin was dissolved in water. The Iconix and Asinex compound libraries and corifungin were screened in a 96-well plate format, and the ChemDiv library was screened in a 384-well plate format.
Automated primary HTS using a cell viability assay. Compounds were diluted by using a Biomek FX p laboratory automation workstation (Beckman Coulter) and a Matrix WellMate bulk dispenser (Thermo Fisher Scientific, Hudson, NH) to yield 125 M compounds in 12.5% DMSO. Finally, the FX p station transferred 4 l and 2 l of diluted compounds to the 96-and 384-well screening plates, respectively, followed by addition of 96 l (10,000 amebae) and 48 l (2,500 amebae) of N. gruberi trophozoites in M7 medium to the respective plates by use of a WellMate dispenser, to achieve final concentrations of test compound and DMSO per well of 5 M and 0.5%, respectively.
Negative-control wells in the screening plates contained 0.5% DMSO, and positive-control wells contained 50 M amphotericin B (Sigma-Aldrich). Assay plates were incubated for 48 h at 25°C. At the end of incubation, the assay plates were equilibrated to room temperature for 30 min, and 50 l and 25 l of CellTiter-Glo luminescent cell viability assay reagent (Promega) was added to each well of the 96-well and 384-well plates, respectively, using a WellMate dispenser. The plates were then placed on an orbital shaker at room temperature for 10 min to induce cell lysis. After lysis, the plates were again equilibrated at room temperature for 10 min to stabilize the luminescent signal. The resulting ATP bioluminescence of the trophozoites was measured at room temperature by use of an Analyst HT plate reader from Molecular Devices (Sunnyvale, CA).
Secondary screen for potency determination. For confirmatory screens of trophozoites, hits from the primary screen were "cherry picked" from 5 mM stocks in 100% DMSO by use of the Biomek FX p workstation. For 8-point 50% effective concentration (EC 50 ) determination experiments, 2.5-l aliquots of stock compounds were diluted with 17.5 l sterile water to yield a 625 M working concentration for library compounds. Threefold serial dilutions were then performed, yielding a concentration range of 0.25 to 625 M. From this dilution plate, 4 l was transferred into the 96-well screening plate, followed by addition of 96 l of trophozoites (10,000 amebae) to yield a final 8-point concentration range spanning 0.01 to 25 M in 0.5% (final concentration) DMSO. The assays were performed in triplicate using the CellTiter-Glo luminescencebased cell viability assay.
HTS data analysis and statistics. The raw Analyst data file from the Analyst HT plate reader was uploaded into SMDC's MySQL database by Percent inhibition relative to maximum and minimum reference signal controls was calculated using the following formula: % inhibition ϭ [(mean for maximum reference signal control Ϫ experimental value)/ (mean for maximum reference signal control Ϫ mean for minimum reference signal control)] ϫ 100. The cutoff was selected to identify active hits from the primary screen.
A hit was defined as a compound showing at least 50% inhibition and a value 3 standard deviations above the mean for the population of compounds tested. Visualization and statistical analysis of secondary screening data were performed using GraphPad Prism 5.0 software. In vitro studies of corifungin against N. fowleri. To determine the effect of corifungin on the growth of N. fowleri, 3.7 ϫ 10 6 amebae were incubated with 3.12 M, 6.25 M, 12.5 M, 18.75 M, or 25 M corifungin for 72 h at 37°C. Control trophozoites were incubated with fresh medium only. Cell numbers were calculated by use of a hemocytometer at the end of incubation. The percentage of viable trophozoites due to treatment at different concentrations of corifungin was determined by the standard trypan blue exclusion method. Cells stained blue were considered nonviable. The 50% inhibitory concentration (IC 50 ) was evaluated by the probit death test (12) .
Transmission electron microscopy. For ultrastructural analysis, N. fowleri trophozoites were incubated with different concentrations of corifungin for 72 h and then fixed with a solution of 2.5% glutaraldehyde in 0.1 M cacodylate buffer. Samples were postfixed with 1% (wt/vol) osmium tetroxide, dehydrated with ethanol and propylene oxide, and embedded in epoxy resin. Thin sections (60 to 90 nm) were contrast stained with uranyl acetate and lead citrate and observed under a Zeiss EM-910 transmission electron microscope (Carl Zeiss, Germany).
In vivo efficacy of corifungin. Four-week-old male BALB/c mice were inoculated by intranasal instillation of 20 l of fresh N. fowleri culture medium containing 2 ϫ 10 4 trophozoites into a single naris. The strain of N. fowleri used in the study is highly virulent, and the time of death of mice is approximately 1 week with this inoculum. At 24 h postinfection, the mice were treated with either phosphate-buffered saline (PBS), amphotericin B at 9 mg/kg of body weight/day, or corifungin at 9 mg/kg/day (10 mice per group). The compound was administered intraperitoneally daily for 10 days. The mice were sacrificed at 17 days postinfection. Brains were cultured to see if live amebae were present. Brains were also fixed by vascular perfusion with a 4% solution of paraformaldehyde diluted in PBS. The brains were then carefully dissected, representative fragments of brain tissue were embedded in paraffin, and sections were stained with hematoxylin-eosin (7). The animal management protocols were approved by the CINVESTAV institutional committee (IACUC ID number 0244/05). All animals were euthanized by an overdose of sodium pentobarbital at the end of the experiments and were handled according to the guidelines of the 2000 AVMA Panel of Euthanasia.
RESULTS

HTS assay optimization.
All screening studies in 96-well microtiter plates were performed with exponentially growing N. gruberi trophozoites (100,000 amebae/ml). This inoculum was chosen so that confluent but not excessive growth took place. Screening studies in 384-well plates were performed with an inoculum of 50,000 amebae/ml. For biosafety reasons, we performed the highthroughput screening with the nonpathogenic species N. gruberi instead of the pathogenic species N. fowleri. Because ATP is an essential cofactor for biogenesis in N. gruberi, we used a luciferasebased assay to validate the correlation between the number of viable trophozoites and their ATP level (10) . The relationships between numbers of amebae seeded into 96-and 384-well plates and relative luminescence from the CellTiter-Glo assay of amebae showed strong linear correlations (R 2 ϭ 0.86 and 0.9) (Fig. 1 ). Trophozoites readily tolerated up to 0.5% DMSO, with no reduction of the growth rate. In our system, the EC 50 for amphotericin B against N. gruberi, defined as the concentration of compound necessary to reduce the culture density to 50% of that in a DMSOtreated culture, was 0.3 M in the 96-well format. This HTS assay was used to evaluate the activity of thousands of chemicals to identify potential drug leads and was performed at a single concentration of 5 M.
Screening of the Iconix library. To test the efficacy of the assay for use in large-scale automated screens and to identify new amebicidal agents, an Iconix library consisting of 910 FDA-approved and unapproved bioactive compounds was screened against N. gruberi. Fifteen compounds were primary hits, as defined by at least 50% inhibition of the single readout and a value 3 standard deviations above the mean for the entire population of compounds tested (Table  1) . Amphotericin B, a compound with known activity against Naegleria, was present in the library and was also identified as a primary hit, confirming that our whole-cell HTS assay format could be used to identify compounds exhibiting activity against the pathogen. Bay-11-7085, a nuclear factor kappaB inhibitor, also showed strong inhibition but was not considered for further investigation because of its host cell toxicity (5, 16, 39) .
Screening of the Asinex and ChemDiv libraries. Of the 1,639 kinase-targeted compounds comprising the Asinex library, 10 compounds yielded at least 50% inhibition and a value 3 standard deviations above the mean in the primary screen (Fig. 2) . Of these, only three compounds (208346, 208476, and 208982) were confirmed in the secondary screen, with much higher EC 50 s than that of amphotericin B (Table 2) . After interrogating 13,118 compounds of the ChemDiv library at a concentration of 5 M in 42 384-well plates, we identified two confirmed hits (142893 and 51982), both with higher EC 50 s than that of amphotericin B (Table 2 ). The assay showed excellent discrimination between active and inactive compounds, with a Z= value (dimensionless calculation used to assess the quality of a high-throughput assay) of 0.95 Ϯ 0.1.
Effects of corifungin against N. gruberi and N. fowleri in vitro. Since corifungin (molecular weight, 947.4; molecular for- fowleri was determined by the standard trypan blue exclusion method. The percentages of ameba cell death at 3.12 M, 6.25 M, 12.5 M, 18.75 M, and 25 M were 20, 60, 90, 95, and 100%, respectively (Fig. 4 and 5) .
Transmission electron microscopy. We also performed transmission electron microscopy to assess ultrastructural changes in N. fowleri induced by different concentrations of corifungin at 72 h ( Fig. 6 ; see Fig. S1 in the supplemental material). We observed damage in the mitochondria and to surface and internal ameba membranes at 3.12 M corifungin. Cell debris also appeared inside cytoplasmic vacuoles at 3.12 M corifungin (see Fig. S1A and B in the supplemental material). There was mitochondrial swelling and a total disruption of the cytoplasmic membrane at 6.25 M and 12.5 M corifungin ( Fig. 6C ; see Fig. S1C and D in the supplemental material). Total lysis of the amebae took place at 18.75 M and 25 M corifungin ( Fig. 6D to F ; see Fig. S1E and F in the supplemental material).
In vivo efficacy of corifungin against N. fowleri. In PBS-only control mice, we observed numerous N. fowleri trophozoites and associated inflammatory cells, mainly neutrophils, in brain tissue ( Fig. 7; see Fig. S2 in the supplemental material). There was extensive brain tissue necrosis. Amphotericin B at 9 mg/kg/day for a total of 10 days did not eliminate amebae and inflammatory cells from the olfactory bulbs ( Fig. 8; see Fig. S3 in the supplemental material). No detectable amebae were found with an intraperitoneal dose of corifungin of 9 mg/kg/day for a total of 10 days. The olfactory bulbs showed multiple discrete, spherical inflammatory foci without trophozoites. Some areas of the brain showed a focal tissue vacuolization near the inflammation sites ( Fig. 9 ; see Fig. S4 in the supplemental material). Corifungin at 9 mg/kg/day resulted in 100% survival of mice throughout the observation period, whereas similar survival was not observed with amphotericin B at 9 mg/kg/day ( Fig. 10 and Table 3 ). The difference in survival between control and amphotericin B-treated mice was not statistically significant (P Ͼ 0.05), whereas the difference in survival between corifungin-treated and control mice was statistically significant (P Ͻ 0.001). The difference in survival between corifungin-treated and amphotericin B-treated mice was also statistically significant (P Ͻ 0.05).
DISCUSSION
Traditional methods for the identification of amebicidal compounds are unsuitable for the discovery of anti-Naegleria compounds in a cost-efficient and timely manner. In the present study, we developed an automated, HTS-compatible assay of Naegleria viability that is suitable for identifying amebicidal compounds. This luciferase-based assay is modified from high-throughput screens previously used to measure proliferation, metabolic activ- ity, and cytotoxicity with a number of cell types, including trypanosomes (9, 22, 32, 37) . Because of the high virulence of N. fowleri, we first developed the assay for use with the nonpathogenic species N. gruberi and then rescreened active compounds against pathogenic N. fowleri. Though there are differences between N. fowleri and N. gruberi, N. gruberi has been validated as a comparative model for the closely related pathogenic species N. fowleri (26) . Analysis of the N. gruberi genome revealed features indicative of a common eukaryotic ancestor (13) .
A wide range of antiparasitic, antimicrobial, and other pharmacologic agents have been evaluated against N. fowleri, but these agents have shown limited activity against the pathogen (15, 27, 31) . The current drug of choice in treating PAM is the antifungal antibiotic amphotericin B. However, amphotericin B has significant toxicity and is a hydrophobic molecule with negligible solubility in aqueous solutions (11) . In interrogating compound libraries for activity against N. gruberi, we purposely selected two different kinds of libraries: one comprising both FDA-approved and known bioactive compounds and the other being a kinasetargeted collection. "Repurposing" of FDA-approved drugs offers shortened development timelines and decreased risk, with compounds having already passed regulatory clinical trials with full toxicological and pharmacokinetic profiles (3). The underlying rationale for selecting kinase-targeted collections was based on the knowledge that kinases are druggable (36) and that the genome of N. gruberi encodes at least 256 predicted protein kinases (13) . In the initial HTS, we identified several hits against N. gruberi, but none of them showed a lower EC 50 than that of amphotericin B in vitro. Nevertheless, they may represent a viable starting point for future medicinal chemistry optimization. Bay-11-7085, a known bioactive compound, showed strong inhibition (Table 1) but was not considered because it is not FDA approved and has host cell toxicity (5, 16, 39) . Five confirmed kinase-targeted hits also had higher EC 50 s than that of amphotericin B (Table 2) .
We focused on corifungin because it had a lower EC 50 than that of amphotericin B against N. gruberi. Moreover, as a sodium salt of amphotericin B, it is water soluble (Ͼ100 mg/ml). Given the rapid mortality of PAM patients infected by N. fowleri, an efficient, fastacting, water-soluble, nontoxic drug remains a highly desirable alternative to the conventional treatment.
We have shown in vitro that corifungin effectively kills both nonpathogenic N. gruberi and pathogenic N. fowleri. Ultrastructural analysis showed that low concentrations of corifungin damaged both internal and surface membranes of N. fowleri ( Fig. 6C to F; see Fig. S1A to F in the supplemental material). It is generally believed that amphotericin B is a membrane-active drug that forms channel-like structures (pores) spanning the lipid bilayer (4, 8, 28) . Based on our transmission electron microscopy study and the structural similarities of amphotericin B and corifungin, we believe that the mechanism of action of corifungin against N. fowleri is similar to that of amphotericin B. We also observed that corifungin targeted mitochondria of N. fowleri, and corifungin was shown to target mitochondria much more effectively than amphotericin B in Aspergillus terreus as well (J. B. Tunac, unpublished observations).
Corifungin is well tolerated in animals, with minimal toxicity. In rats, it is safe up to a level of 250 mg/kg/day when administered by oral gavage for 28 days (pre-investigational new drug document submitted to the U.S. FDA). In the in vivo efficacy testing of corifungin against N. fowleri, we administered a single dose of 9 mg/kg daily for 10 days. This dose was selected based on a previous report that 10-mg/kg amphotericin B treatment on days 3, 7, and 11 resulted in 40% survival during 1 month of observation (19) . In our study, 9-mg/kg corifungin treatment resulted in 100% survival among N. fowleri-infected mice throughout the 17-day postinfection observation period, whereas the same dose of amphotericin B produced only 60% survival, similar to that of PBS controls ( Table 3) . The difference in survival between control and amphotericin B-treated mice was not statistically significant. The survival of mice due to corifungin treatment was maintained longer as well (Fig. 10) .
Histopathological studies of the mouse brain at day 17 postinfection showed the presence of amebae and significant tissue lysis in the olfactory bulbs of amphotericin B-treated mice ( Fig. 8 ; see Fig. S3 in the supplemental material), whereas corifungin treatment led to complete elimination of microscopically detectable amebae and to preservation of brain parenchyma ( Fig. 9 ; see Fig.  S4 in the supplemental material). Ameba elimination with corifungin was accompanied by a focal mononuclear cell infiltrate likely representing an immune response to dead or dying organisms ( Fig. 9 ; see Fig. S4 in the supplemental material). This contrasted with the diffuse neutrophil-rich inflammatory infiltrate seen in untreated or amphotericin B-treated mice ( Fig. 7 and 8 ; see Fig. S2 and S3 in the supplemental material). Because of its solubility, corifungin may penetrate the blood-brain barrier more effectively than amphotericin B, although this has not been tested. Based on the results presented here, the U.S. FDA has approved an orphan drug designation for corifungin for the treatment of primary amebic meningoencephalitis. In summary, we have developed an HTS assay for Naegleria and have shown that robust and reproducible results can be generated from this HTS. We identified corifungin as a water-soluble drug with a higher activity than that of amphotericin B. Considering its in vitro and in vivo efficacy and recent orphan drug designation, corifungin is a novel and promising therapeutic option for treatment of PAM.
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